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Abstract
The aim of this study was to evaluate both sucrose and fluoride concentrations and time of biofilm 
formation on enamel carious lesions induced by an in vitro artificial-mouth caries model. For 
Study 1, biofilms formed by streptococci and lactobacilli were grown on the surface of human 
enamel slabs and exposed to artificial saliva containing 0.50 or 0.75 ppmF (22.5 h/d) and broth 
containing 3 or 5% sucrose (30 min; 3x/d) over 5 d. In Study 2, biofilms were grown in the 
presence of 0.75 ppmF and 3% sucrose over 3 and 9 days. Counts of viable cells on biofilms, 
lesion depth (LD), and the integrated mineral loss (IML) on enamel specimens were assessed at 
the end of the tested conditions. Counts of total viable cells and L. casei were affected by sucrose 
and fluoride concentrations as well as by time of biofilm formation. Enamel carious lesions were 
shallower and IML was lower in the presence of 0.75 ppmF than in the presence of 0.50 ppmF (P 
< 0.005). No significant effect of sucrose concentrations was found with respect to LD and IML 
(P > 0.25). Additionally, deeper lesions and higher IML were found after 9 d of biofilm formation 
(P < 0.005). Distinct sucrose concentrations did not affect enamel carious lesion development. The 
severity of enamel demineralization was reduced by the presence of the higher fluoride 
concentration. Additionally, an increase in the time of biofilm formation produced greater 
demineralization. Our results also suggest that the present model is suitable for studying aspects 
related to caries lesion development.
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1. Introduction
Supragingival dental biofilm is a multispecies community of microorganisms embedded in a 
matrix attached to dental surfaces. Its accumulation on teeth is a necessary factor for 
occurrence of dental caries, which is considered to be a disease resulting from the sum of 
complex interactions among tooth structure, supragingival biofilm, diet, time, and other oral 
and personal factors [1]. This disease is related to frequent ingestion of rapidly fermentable 
carbohydrates that are converted to acid-end products by bacterial metabolism. The acidic 
pH produced due to fermentation of dietary carbohydrates induces ecological changes in 
dental biofilm. Acid-tolerant bacteria that are normal constituents of the oral microbiota, but 
present at low levels, have increased proportions in response to acidic environmental 
conditions [2]. These bacteria continue to produce acids, extending the time in which the 
biofilm remains at low pH levels. Additionally, the low pH produced as the result of this 
process disrupts the mineral equilibrium between enamel and the surroundings, leading to 
dental demineralization [3].
Besides the above induced ecological changes, the low pH environment on dental biofilm 
makes the biofilm fluid under-saturated with respect to the tooth mineral (hydroxyapatite-
like mineral). Under this condition of pH lower than 5.5, hydroxyapatite dissolves and a 
demineralization process occurs [4]. However, when fluoride is continuously available in the 
biofilm fluid, a condition achieved under daily consumption of optimal fluoridated water or 
under the regular use of fluoridated dentifrices [5], and in a condition of a pH not lower than 
4.5, hydroxyapatite is dissolved but at the same time a less soluble mineral (a fluorapatite-
like mineral) is formed on tooth surface resulting in a lower net mineral loss [6]. Therefore, 
fluoride modifies the balance between demineralization and remineralization processes, 
inhibiting the former and promoting the latter [6]. As a consequence of this long-term 
physicochemical effect, a reduction in caries progression might be expected [7]. In this 
context, it is clear that fluoride plays a key role in the prevention and control of this disease 
[8, 9].
Among the fermentable carbohydrates, sucrose is considered the most cariogenic: it is the 
unique substrate necessary for synthesis of insoluble extracellular polysaccharides [10] that 
increase the thickness and porosity of biofilms [11] and lead to a deeper pH fall on the tooth-
dental biofilm interface [12]. In addition, dental biofilm formed in the presence of sucrose 
has lower inorganic concentration [13] and altered protein expression [14], which could also 
contribute to its enhanced cariogenicity.
In vitro biofilm caries models have been widely used to study the carious process under 
laboratorial controlled conditions, in an attempt to simulate the clinical development of 
carious lesions [15–19]. These models differ among them mainly regarding the source of 
bacteria used to form the biofilm and regarding the dynamic of carbohydrate/fluoride 
exposures during carious lesions development. Whereas monospecies biofilm models based 
only on cultivation of Streptococcus mutans [16, 17] do not mimic the metabolic 
interactions that occur among the diverse microbiota of a clinical dental biofilm, the 
outcomes obtained by high-complexity microbial models based on microcosm cultivation 
are directly dependent on inoculum source [18, 19]. On the other hand, multispecies 
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biofilms models based on the cultivation of specific microorganisms might create a more 
controlled and less variable condition for carious lesions development. Therefore, an in vitro 
artificial-mouth multi-species microbial model was developed to create incipient carious 
lesions on enamel specimens induced by commensals and known cariogenic bacteria [20]. 
That model presents the advantage of simulating the feast and famine episodes present in the 
oral cavity since the carbohydrates are provided to the biofilm only for short periods of time 
mimicking the three main meals a subject may have per day in a clinical condition. 
Moreover, that model also simulates the clearance promoted by salivary flow since an 
artificial saliva solution continuously washes the biofilm, contributing to the removal of 
weak adherent bacteria and to the removal of chemicals produced by the biofilm. 
Additionally, enamel carious lesions are generated as a result of the intricate metabolic 
interactions among the biofilm microbial components which represent a clinical condition of 
dental biofilm growth. Since sucrose and fluoride have played a major role on 
demineralization/ remineralization phenomena, we aimed to evaluate the effects of these 
factors under well-controlled conditions on enamel lesion development generated by that 
artificial-mouth model. Additionally, we also sought to investigate the progression of 
enamel lesions in response to time of biofilm formation. Considering the similarities 
between the abovementioned artificial-mouth and clinical conditions, we hypothesize that 
this model is suitable for studying aspects related to caries lesion development and 
progression. It could be used as a feasible alternative to in vivo and clinical studies.
2. Material and Methods
The use of human teeth was approved by the Indiana University-Purdue University at 
Indianapolis (IUPUI) Institutional Review Board (IRB) number 0306-64.
2.1. Experimental Design
The study consisted of 2 experiments. Study 1 evaluated the effect of sucrose at 3% and 5% 
in addition to the fluoride concentrations of 0.50 ppm and 0.75 ppm on enamel carious 
lesions produced during 5 d by multispecies microbial consortia. Study 2 evaluated the 
effect that exposure of enamel slabs to microbial biofilms for 3 and 9 d had on enamel 
carious lesion progression. The two studies resulted in a total of 6 experimental groups. For 
each study, seven enamel slabs were randomly assigned to each experimental group and 
demineralized using a multispecies microbial model for enamel caries lesion formation. At 
the end of each experimental period, the slabs were analyzed via transversal 
microradiography to calculate lesion depth and integrated mineral loss.
2.2. Specimen Preparation
Forty-two human enamel slabs (3 mm × 3 mm × 2 mm) were obtained from middle third of 
buccal surfaces of human incisors. Pulpal surfaces of the slabs were flattened in a grinding 
machine (RotoPol31/RotoForce4 polishing unit; Struers, Cleveland, OH, USA) with 500-
grit silicon carbide grinding paper. Enamel surfaces were polished to a mirror-like finish 
with 1200, 2400, and 4000-grit grinding paper and then by a polishing cloth with a 1 μm 
diamond suspension (DP Suspension, Struers A/S, Denmark) [21, 22]. Specimens with any 
cracks or scratches were discarded. Selected slabs showed at least 1.0 mm depth of exposed 
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enamel. The enamel surface of each slab was covered with nail varnish, leaving only a 2 mm 
× 1 mm uncovered window to standardize the enamel area to be demineralized. Each 
prepared slab was attached to one end of a Plexiglass acrylic rod (10 mm length and 7 mm 
diameter) with double sided tape and sticky wax. The slabs were randomly assigned to 
experimental groups (n = 7/group). The other end of the Plexiglass rods was attached to a 
Plexiglass round platform with cyanoacrylate adhesive (Super Glue, Loctite Corp., USA) as 
described elsewhere [23]. Rods, platforms, and slabs were sterilized with ethylene oxide gas 
at 55°C for 1 h prior to microbial inoculation.
2.3. In Vitro Formation of Enamel Carious Lesions
Enamel carious lesions were produced using a multispecies microbial model for caries 
formation developed by Fontana et al. [20, 23] with modifications.
2.3.1. Inoculum Preparation—For biofilm formation, the following species were used: 
Actinomyces naeslundii (ATCC 19039), Lactobacillus casei (ATCC 4646), Streptococcus 
mutans (UA 159), Streptococcus salivarius (ATCC 25975), and Streptococcus sanguinis 
(BAA-1455) [20]. The strains were cultivated on Columbia Blood Agar (CBA; Difco, 
Sparks, MD, USA). Colony-forming units (CFU) were individually transferred from CBA 
plates to tubes containing Tryptic Soy Broth (TSB) supplemented with 1% sucrose and 
incubated at 37° C with 5% CO2. after 18 h of incubation, aliquots of each suspension were 
individually transferred to fresh TSB supplemented with 1% sucrose and further incubated 
until optical density of 1.0 ± 0.1 at 550 nm [24]. Aliquots of each strain were then combined 
to form multispecies microbial consortia.
2.3.2. Enamel Demineralization—Prior to microbial consortia inoculation, each 
platform containing the acrylic rods and enamel slabs was individually transferred to sterile 
125 mL stirring vessel (Pyrex, Fisher). All slabs were coated with 20 μL of filter-sterilized 
pooled saliva for 20 min. The preparation of saliva was described elsewhere [20]. Saliva was 
obtained from healthy donors. Six volunteers (18 to 50 years old) who fulfilled the inclusion 
criteria (mean stimulated saliva flow rate ≥0.7 mL/min) and exclusion criteria (antibiotics 
use for the last two months, use of any medication that modifies salivary secretion, 
periodontal disease, and general systemic illness) donate whole stimulated saliva. The study 
protocol was approved by the IUPUI Institutional Review Board (IRB 0304-58). A written 
consent was obtained from volunteers prior to saliva collection at the Oral Health Research 
Institute of Indiana University School of Dentistry. The saliva samples were pooled and 
centrifuged and the supernatant filter was sterilized (0.22 μm general purpose filter system, 
Corning, NY, USA). After salivary pellicle formation, the slabs were inoculated with 20 μL 
of the multispecies microbial consortia and incubated for 2 h to allow bacterial adhesion 
with the enamel. Two independent lengths of silicone tubing (ID = 1/8 inch, OD = 1/4 inch, 
wall thickness = 1/16 inch; PharmTubing) were attached to each stirring vessel, providing 
the Mineral Wash solution (MW; KCl 83 mM; NaCl 148 mM; KH2PO4 0.02 mM; MgCl2 
0.06 mM; and CaCl2 14 mM) and TSB supplemented with sucrose at the flow of 0.7 
mL/min using peristaltic pumps (Wiz peristaltic pump; ISCO, Inc., Lincoln, NE, USA). The 
fluid of each stirring vessel was continuously collected by drainage tubing at 0.7 mL/min 
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and transferred to a separate container. Vessels were placed on an electrical stirrer and kept 
at 37°C. MW and TSB bottles were also kept at 37°C [23].
2.3.3. Study 1—Enamel carious lesions were produced on slabs (n = 7/group) over 5 d of 
exposure to TSB supplemented with sucrose 3% or 5% and MW supplemented with 0.50 
ppmF or 0.75 ppmF. Throughout the study, a feast and famine protocol was adopted where 
TSB was dispensed to the stirring vessels 3 times a day for 30 min each and MW was 
dispensed during the remaining time (22.5 h) [20]. The pH, bacteria viability, and lack of 
contamination were recorded at 2 d intervals from the fluid collected in the drainage 
containers. The pH of MW, TSB, and the circulating fluid of stirring vessels was checked at 
the end of each experimental test. Aliquots of the circulating fluid were also collected and 
examined for lack of contamination at the end of each test period.
2.3.4. Study 2—Enamel carious lesions were produced on slabs (n = 7/group) over 3 and 9 
d under exposure to TSB supplemented with 3% sucrose and MW supplemented with 0.75 
ppmF. The same feast and famine protocol described above was adopted for this study. 
Bacteria viability, pH, and lack of contamination were checked as well.
2.3.5. Harvesting of Microbial Biofilms and Determination of Counts of Viable 
Cells—After 5 d (Study 1) or 3 or 9 d (Study 2) of biofilm formation, enamel slabs were 
removed from the acrylic rods and individually transferred to tubes containing 1 mL of 
sterile 0.9% NaCl. The biofilm suspension was vortexed for 30 s and sonicated at 7 W for 30 
s before aliquots were inoculated on CBA plates (for counts of total bacteria, A. naeslundii, 
S. mutans, S. salivarius, and S. sanguinis) and Rogosa SL agar (for counts of L. casei) using 
the spiral plate method. Plates were incubated at 37°C for 48 h under 5% pCO2. CFU were 
then counted using a stereomicroscope and the results were expressed as CFU/mL.
2.4. Transversal Microradiography (TMR) Assessment
After demineralization, approximately 100 μm thick slices were obtained from the center of 
the demineralized area with a hard tissue microtome (Scientific Fabrications Laboratory, 
Lafayette, CO, USA). Each slice had sound and demineralized areas that corresponded to 
those covered and not covered by nail varnish, respectively. Slices were mounted together 
with an aluminum step wedge on X-ray glass plates (High Resolution UF Plate, 
Microchrome Technology, Inc., CA, USA) and exposed to Cu (Kα) X-rays at 20 kV and 30 
mA for 65 min [22]. Glass plates were developed in a conventional way and examined with 
a customized computer program (TMR for Windows 2006-Inspektor Research Systems BV, 
The Netherlands). Lesion depth (LD; μm) and integrated mineral loss (IML; vol% mineral × 
μm) were determined as described by Ando et al. [25].
2.5. Statistical Analysis
Comparisons between groups were made using Wilcoxon Rank Sum tests. All analyses were 
performed using SAS, version 9.3 (SAS Institute, Inc., Cary, NC).
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3. Results
Overall, the pH of the fluid collected from drainage containers ranged from 4.0 to 4.3 for all 
tested conditions. The pH of TSB and MW was around 7.0–7.2 showing absence of 
contamination. Additionally, no contamination was found throughout the study. This was 
verified by plating aliquots of drainage containers and stirring vessels on CBA plates where 
counts of viable cells ranged from 106 to 107 CFU/mL. Regarding counts of total viable 
cells on biofilms, about 108 CFU/mL was found in each condition. L. casei was the most 
prevalent strain followed by S. salivarius. Counts of viable cells of the other strains were 
below the detection limit. With respect to demineralization, subsurface lesions were 
developed on most of the enamel slabs with a surface layer more mineralized than the body 
of the lesion.
3.1. Study 1
The resting pH of vessels containing groups exposed to 0.50 ppmF was lower at 4.36 and 
4.0 for 3 and 5% sucrose than those of groups exposed to 0.75 ppmF at 4.66 and 5.03 for 3 
and 5%, respectively. In the presence of 0.50 ppmF, counts of total viable cells and L. casei 
found in biofilms were statistically higher under exposure to 5% sucrose than those found 
under 3% sucrose (P < 0.05) (Table 1). No significant differences in CFU were found 
between 3% and 5% sucrose in the presence of 0.75 ppmF. No differences were found in 
relation to counts of S. salivarius in biofilms. With respect to enamel carious lesion 
formation, the comparisons showed lower LD and lower IML in the presence of 0.75 ppmF 
(P < 0.05) (Table 1). Signs of enamel surface wear were found on slabs exposed to 5% 
sucrose and 0.50 ppmF. Additionally, no statistically significant differences were found on 
lesion formation regarding sucrose concentration (Table 1).
3.2. Study 2
Based on results of Study 1, 0.75 ppmF and 3% sucrose were the conditions adopted for 
Study 2. The resting pH of the vessels after 3 and 9 d of biofilm growth was 4.92 and 5.07, 
respectively. Counts of total viable cells and L. casei were statistically higher after 9 d of 
biofilm growth than after 3 d (P < 0.05). No differences were found for S. salivarius counts. 
LD and IML were approximately two times higher on enamel slabs after 9 d compared to 3 
d of exposure to the microbial model (P < 0.05) (Table 2).
When the data of Study 2 for 3 and 9 d exposure were compared to the corresponding group 
from Study 1 (5 days; 0.75 ppmF and 3% sucrose), counts of total viable cells and L. casei 
were statistically lower for 3 d than 5 d (P = 0.0103) and no statistical difference was found 
between 5 and 9 d. With respect to demineralization, IML and LD were statistically higher 
for 9 d compared to 5 d (P = 0.0034), which was not different compared to 3 d.
4. Discussion
As expected, the results of Study 1 clearly show the effect of fluoride in the enamel carious 
lesion inhibition (Table 1). After 5 d of undisturbed biofilm formation, there was a decrease 
of up to 30–40% in mineral loss and lesion depth of enamel slabs in the presence of the 
higher fluoride concentration (0.75 ppm), irrespective of the sucrose concentration (Table 
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1). Physicochemically, in the presence of fluoride, fluorapatite is precipitated on the surface 
of enamel and decreases the net mineral loss [26]. Higher fluoride concentrations are 
associated with a higher saturation with respect to fluorapatite and more mineral forms 
precipitate on the enamel surface. This property might explain the reduced lesion depth 
found in slabs exposed to the higher fluoride concentration. In this scenario, a subsuperficial 
and shallower lesion is developed. The effect of a lower fluoride concentration (0.25 ppm) 
added to the MW on enamel demineralization was tested but generated a majority of 
specimens with surface loss (data not shown). Under the current conditions, surface wear 
was found on slabs exposed to 5% sucrose and 0.50 ppmF. Within this group, one had a 
completely eroded surface. No signs of enamel surface wear were found on slabs under the 
other tested conditions.
Under our experimental conditions, there was no statistical difference in enamel carious 
lesion development in relation to the tested sucrose concentrations (Table 1). However, 
previous data from an in situ study have shown a statistically significant increase in mineral 
loss of enamel slabs exposed to 5% sucrose compared with those exposed to 1% sucrose 
[27]. The same trend was also observed by a short-term study using artificial biofilm [28]. 
The differences found between our data and those of Aires et al. [27] might be related 
mainly to the fact that in the latter study sucrose was provided to the in situ formed biofilms 
in a frequency of 8x/day during 14 days whereas the cariogenic challenge in our study was 
induced only three times a day during 5 days only. Additionally, the absence of a sucrose 
concentration effect on carious lesion development found in our study might be also 
attributed to the close tested concentrations.
In an attempt to avoid enamel surface wear, we chose the lower sucrose concentration (3%) 
and the higher fluoride concentration (0.75 ppm) to evaluate the progression of the lesions 
under 3 and 9 d of undisturbed in vitro biofilm formation. Previous unpublished data of our 
research group suggested that the exposure of in vitro biofilms to sucrose concentration 
higher than 5% induces a strong cariogenic challenge able to cause enamel surface wear. 
Therefore, the rationale behind the chosen sucrose and fluoride concentrations used in this 
study was to allow enamel demineralization without losing the surface integrity because it 
could compromise any assessment of lesions progression. Since this model has been 
designed to simulate clinical conditions, carious lesions must be created in a standardized 
way. In this respect, in response to the chosen concentrations, early stages of enamel carious 
lesions were able to be created.
In Study 2, as expected, the longer the length of exposure of enamel slabs to microbial 
biofilms, the deeper the lesions and the higher the mineral loss. Overall, no signs of surface 
wear were found on the slabs in the course of 9 d of biofilm growth. However, enamel 
surface wear was found when enamel specimens were exposed to undisturbed biofilms for 
periods longer than 9 d (unpublished data of our research group). Under our experimental 
conditions, enamel slabs lost about two times more mineral content and the lesions were two 
times deeper after 9 d of undisturbed biofilm formation than those found on slabs exposed 
for 3 d to undisturbed biofilm formation (Table 2). The same trend was found by Fontana et 
al. [20] on enamel slabs exposed to undisturbed biofilm formation from 2 and up to 8 d. 
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However, the extent of mineral loss was not similar in these two experiments due to 
differences in biofilm microbial composition and fluoride concentration in the MW.
The comparison between microbiological and demineralization data among 3, 5, and 9 d 
suggested that a microbial transition occurred during the first 5 d of biofilm growth. This is 
demonstrated by higher counts of viable cells than those found on 3 d but not different 
compared to those of 9 d. S. salivarius counts were not affected by time of biofilm 
formation; however, counts of L. casei were higher after 5 d of biofilm formation (Table 2). 
Although the experimental conditions are different compared to those of the present study, a 
maturation of microbial composition of biofilm was also found by Fontana et al. [20] after 5 
d of biofilm formation. We hypothesize that metabolic changes that might have occurred in 
biofilms during their maturation process could be one of the factors responsible for the 
highest cariogenicity found after 9 d.
In the present study, enamel carious lesions had about 80 μm of depth after 9 d of 
undisrupted biofilm formation (Table 2). Clinically, this is similar to the depth of an enamel 
carious lesion developed in vivo after 4 wk on teeth surrounded by orthodontic bands and 
submitted to dental biofilm accumulation [29, 30]. The advantages of clinical in vivo models 
or clinical trials for caries development are that the progression of the lesion can be studied 
in vital teeth [31] and lesions are developed in the human mouth as a result of the interaction 
among subject's microbiota, diet, salivary flow, and salivary buffer capacity. However, in 
vivo studies are expensive and time-consuming. Additionally, the interindividual variation 
might influence outcomes and interpretation of results and the experiment can be performed 
only once in each subject [31]. In this context, despite the limitations of the present 
artificial-mouth model, pointed out by Fontana et al. [23], our data suggest that this model 
may be used as a promising alternative to in vivo models to study enamel carious lesion 
development and progression. We do believe it is important to have a model whose features 
are close to a real clinical condition. Therefore, it would be ideal to simulate the differences 
of salivary flow during day/night periods in order to be more consistent with natural 
conditions and should be adopted in future studies.
Despite the inoculation of slabs with a multispecies suspension of bacteria containing the 
same number of viable cells for each strain (about 107 CFU/mL), L. casei were the bacteria 
most prevalent in the biofilms (107–108 CFU/mL). S. salivarius were the second most 
prevalent in biofilms (105 CFU/mL). However, the counts of the other 3 species were below 
the detection limit. Like Shu et al. [32], A. naeslundii has not been well established in a 
multispecies in vitro community. It was suggested that one reason for this deficiency in A. 
naeslundii biofilm colonization might be a result of its low acid-tolerance profile as 
suggested elsewhere [33–35]. This same feature could also explain the poor colonization of 
biofilms by S. sanguinis, due to the pH of the vessels falling in the range of 4.0 to 5.0. 
Moreover, Harper and Loesche [36] showed that L. casei and S. mutans have greater acid-
tolerance than S. sanguinis, S. salivarius, and Actinomyces. However, an intriguing finding 
was the undetectable counts of S. mutans on biofilms. These microorganisms are highly 
acidogenic and acid-tolerant and their ability to form in vitro biofilms and their cariogenic 
potential have also been extensively shown by several studies [37–39]. Furthermore, 
previous research has shown that S. mutans utilizes sucrose at a faster rate than S. sanguinis, 
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A. naeslundii, and L. casei [40] which could pose some competitive advantage in relation to 
these strains during the colonization of the biofilm. However, it seems that even these traits 
were not enough to enable successful competition against the other bacterial strains under 
the experimental conditions of this present study. In this respect, it has also been discussed 
that reduced expressions of gtf B and gbpB genes were found when S. mutans was 
cocultivated in a biofilm with L. casei which contributes to enhancing biofilm formation by 
L. casei under an in vitro condition [41]. This, in turn, may provide a greater 
competitiveness of L. casei in relation to S. mutans.
Lactobacilliare resistant to fluoride. Up to 1 mM of NaF (19 ppmF) was able to reduce the 
viability of S. mutans in a chemostat model but it did not alter the viability of lactobacilli 
[42]. It was also found that Actinomyces and S. sanguinis are even more sensitive to fluoride 
than S. mutans. Clinically, the long-term use of fluoridated mouthrinses for up to 7 yr 
decreased the levels of mutans streptococci in saliva without affecting the levels of 
lactobacilli [43]. Although the fluoride concentration used by these cited studies was higher 
than what was used in the present study, the previous data might contribute to understanding 
the predominance of lactobacilli in the biofilm. On the other hand, it has been shown that an 
increased concentration of fluoride from 0.2 to 1.0 ppm during biofilm growth was able to 
decrease the viability of L. casei in a multispecies biofilm model [44]. Within this same 
range of fluoride concentration, the lowest counts of S. mutans were found only in the 
presence of 0.2 ppmF and no statistical difference was found for those counts under fluoride 
concentrations up to 1.0 ppmF [44]. Using the same microbial composition used in this 
present study, Fontana et al. [20] were able to find expressive counts of S. mutans on 
biofilms even after 8 d of biofilm growth. However, it is important to note that those 
biofilms were grown in the presence of 0.25 ppmF. Considering these previous findings, the 
increased fluoride concentrations used in the present study potentially produced an 
inhibitory effect for S. mutans even under a lower concentration than what is considered as 
antimicrobial [42]. At this time, it is not clear if the undetectable levels of S. sanguinis on 
our multispecies biofilms were also a result of an inhibitory effect of fluoride due to no 
record by Fontana et al. [20] indicating the range of biofilm colonization by this strain. It is 
important to emphasize though that the differences between our results and those found by 
Fontana et al. [20] and Arthur et al. [44] may be related mainly to the distinct experimental 
conditions among the studies.
Interestingly, in other experiments conducted in our laboratory, up to 106 and 104 CFU/mL 
of S. mutans and S. sanguinis, respectively, were found after three days of biofilm formation 
(unpublished data) under exposure to 0.75 ppmF and 3% sucrose using the same 
multispecies microbial model described in this paper. Although these data were not found by 
the present study (Study 2), we hypothesize that the counts of viable cells found on biofilms 
produced by this microbial caries model are the result of a microbial ecological selection. 
That is, the higher acid-tolerance and fluoride resistance of L. casei in relation to S. mutans 
[25, 42] could explain the lower counts of S. mutans on biofilms. Our results might suggest 
that S. mutans were not able to develop an aciduric adaptation under the tested conditions 
evaluated on the present study. S. mutans inability to colonize the biofilms under the 
conditions described in this paper is still unknown and merits further investigation. The 
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higher acid-tolerance of L. casei could also explain the higher counts on biofilms formed in 
the presence of 5% sucrose under 0.50 ppmF (Table 1). The lower resting pH of the caries 
vessel in 5% sucrose group might have enhanced the biofilm colonization by these 
microorganisms. This finding is also reflected in counts of total viable cells as L. casei 
comprises about 100% of the viable cells in biofilms. Additionally, a recent study has 
clarified some bacterial interactions that might occur in dental biofilm. According to Tamura 
et al. [45], S. salivarius may inhibit S. mutans biofilm formation due to an inactivation of a 
S. mutans competence-stimulating peptide-dependent biofilm formation. Taking this 
observation into consideration, it is still possible that this interaction might have taken place 
in this artificial-mouth model contributing to the decreased viability of S. mutans.
Moreover, the resting pH of the vessels was below those reported previously [20]. As the 
acidogenic potential of dental biofilm depends on its microbial composition, a direct 
comparison of our findings with those of Fontana et al. [20] and Shu et al. [32] must be done 
with care due to the different bacterial isolates used in each study. Other important 
distinctions between our conditions for biofilm formation and previous studies include 
fluoride and carbohydrate concentration, length of exposure to carbohydrates, and time of 
biofilm formation. All these factors contribute to explaining the differences in acidogenic 
potential and counts of viable cells on biofilms among these different studies.
Therefore, distinct sucrose concentrations did not affect enamel carious lesion development. 
Our data suggest that the severity of lesions produced by this artificial-mouth model is more 
affected by fluoride than by sucrose concentration. Lower demineralization was found in the 
presence of the higher fluoride concentration. Furthermore, an increase in the time of 
biofilm formation produced greater demineralization. Overall, our data also suggest that the 
present artificial-mouth model is suitable for studying several aspects related to caries lesion 
development. Additionally, it could be used as a feasible alternative to in vivo and clinical 
studies.
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Table 1
Counts of viable cells on biofilms (CFU/mL), IML, and LD (mean ± sd) of enamel slabs after 5 d of biofilm 
formation according to fluoride and sucrose concentrations.
Variables (n = 7) 0.50 ppmF 0.75 ppmF
3% sucrose 5% sucrose 3% sucrose 5% sucrose
Total cells (×108) 0.9 ± 0.4b 1.4 ± 0.2a 1.1 ± 0.2ab 1.3 ± 0.5ab
L. casei (×108) 1.0 ± 0.3b 1.5 ± 0.2a 1.1 ± 0.2b 1.3 ± 0.5ab
S. salivarius (×105) 1.4 ± 1.3a 0.6 ± 0.4a 0.9 ± 0.6a 1.2 ± 0.8a
IML(vol% × μm) 2252 ± 341a 2484 ± 311a 1501 ± 279b 1544 ± 105b
LD (μm) 71.3 ± 3.8a 70.1 ± 11.4a 48.6 ± 10.6b 48.7 ± 2.5b
Means followed by distinct letters differ statistically (P < 0.05).
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Table 2
Counts of viable cells on biofilms (CFU/mL), IML, and LD (mean ± sd) of enamel slabs after 3 and 9 d of 
biofilm formation under exposure to sucrose 3% and 0.75 ppmF.
Variables 3days (n = 8) 9 days (n = 6)
Total cells (×108) 0.9 ± 0.1b (n = 7) 1.3 ± 0.3a
L. casei (×108) 0.9 ± 0.1b (n = 7) 1.4 ± 0.3a
S. salivarius (×105) 1.9 ± 2.2a (n = 7) 1.1 ± 0.3a
IML (vol% × μm) 1414 ± 128b 2715 ± 194a
LD (μm) 43.5 ± 6.5b 80.6 ± 2.6a
Means followed by distinct letters differ statistically (P < 0.05).
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